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ABSTRACT

After the construction of the first concrete-filled steel tubular (CFST) arch bridge,
Wangcang East River Bridge in 1990, CFST trussed arch bridges have become very
popular, and more than 400 CFST arch bridges have been constructed in the last 25 years
in China. Their arch ribs can be categorized into solid type and trussed type, and the latter
accounts for about 38%. The trussed arch ribs consist of concrete-filled circular chords
and circular hollow braces generally connected with full penetration butt welds to form
CFST joint, including T-joints, Y-joints, K-joints, N-joints and so on. The filled-in
concrete delays bucking of steel tube, and improves its compressive strength and ductility.
However, the intersection with full penetration butt welds in CFST joint can be the weak
part in the whole structure since the axial stiffness of brace is much larger than the radial
stiffness of chord tube, which leads to high stress concentration around the chord-brace
intersection. In fact, the fatigue cracks seriously damaging the structural safety were
found in the chord-brace intersection of a half-through CFST trussed arch bridge in China.
Furthermore, very limited researches have been conducted on the fatigue problem of
CFST joints. Some issues of the existing researches for CFST T- and K-joints were given
as follows.

(1) The existing researches considered that filled-concrete can improves the local
stiffness at the chord-brace intersection of CFST T-joints and its effect can be equivalent
to the increase of chord wall thickness. They proposed a determination method of the
equivalent chord wall thickness to use the existing SCF formulae for circular hollow
section (CHS) T-joints. However, the SCFs calculated by the method were generally
larger than the experimental investigation, especially under axial compressive force in the
brace. In addition, the validity range of diameter to thickness ratio of chord (2y) in the
method does not match its practical range of bridge structures. Furthermore, the influence
of relative chord length («) on SCFs is not investigated.

(2) The SCF formulae for CFST K-joints have been not proposed because of few
studies devoted to the SCFs determination. Moreover, the validity ranges of diameter to
thickness ratio of chord (2y) and thickness ratio (z) do not match the practical ranges of

bridge structures.
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In this dissertation, in order to simplify SCF calculations and provide a reference for
fatigue evaluation of CFST T- and K-joints, the author tries to solve the problems aiming
at proposing the SCFs formulae of CFST T- and K-joints under various loading condition.
It is composed of six chapters as described as follows.

In Chapter 1, it gives the background and objectives of the research together with an
overview of the major previous research works conducted in the related research filed.
Then the layout of the dissertation is given.

In Chapter 2, a large amount of data about 119 CFST trussed arch bridges in China
were collected by literature review and website investigation, first. The geometric
parameters statistics on CFST K-joints were analyzed in terms of diameter ratio (5),
diameter to thickness of chord (2y), thickness ratio (z), the eccentric ratio (p) and the angle
(¢) between the axis of the chord and brace. The practical ranges of each key geometric
parameter were provided for the numerical parameter analysis.

In Chapter 3, the published experiments relating to the studies on SCFs of CFST T-
joints under axial force in the brace and in-plane bending in the brace, and the strain
distribution along chord-brace intersection of CFST K-joints were outlined first. Then FE
models to replicate the SCFs of CFST T-joints and the strain distribution along the
intersection of CFST K-joints were developed. By comparing the experimental results
with that calculated by FE analysis, the accuracy of the FE modeling to determine SCFs
for CFST T- and K-joints was confirmed. The FE modeling can be provided for
parametric analysis.

In Chapter 4, it focuses on the SCFs of CFST T-joints under various loading
conditions. The loading conditions include that axial force in the brace, in-plane bending
in the brace, out-of-plane bending in the brace and the force in the chord. Extensive
parametric analyses considering the influences of diameter ratio (f), diameter to thickness
of chord (2y), thickness ratio (z) and relative chord length (a). Then, based on the
parametric analysis results, a series of SCF formulae of CFST T-joints subjected to
various loading conditions were proposed as functions of key non-dimensional geometric
parameters. Finally, the accuracy of the formulae was verified by comparing the SCFs
obtained by the formulae and FE analysis.

In Chapter 5, the local FE models were employed to preliminary reveal the
influences of key geometric parameters on SCFs of CFST K-joints under the axial forces



caused by the loading of a fatigue vehicle. The loading conditions include that basic
balanced axial forces, axial compression in the chord and in-plane bending in the chord
for the parametric analysis. Extensive parametric analyses considering the influences of
diameter ratio (f), diameter to thickness of chord (2y), thickness ratio (z) and the angle ()
between the axis of the chord and brace. Then, based on the parametric analysis results,
a series of SCF formulae of CFST K-joints subjected to various loading conditions were
proposed as functions of four key geometric parameters. Finally, the accuracy of the
formulae was verified by comparing with the FE results.

In Chapter 6, the main conclusions of each chapter are summarized. The points that
need to be conducted in the further work are also pointed out.
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CHAPTER 1

Introduction



1.1 Background

After the construction of the first CFST arch bridge, Wangcang East River Bridge
in 1990, CFST trussed arch bridges have become very popular, and more than 400 CFST
arch bridges have been constructed in the last 35 years in China [1, 2, 3]. Their arch ribs
can be categorized into solid type and trussed type, and the latter accounts for about 38%
[4]. The trussed arch ribs consist of concrete-filled circular chords and circular hollow
braces generally connected with full penetration butt welds to form CFST joint, including
T-joints, Y-joints, K-joints, N-joints and so on. The filled-in concrete delays bucking of
steel tube, and improves its compressive strength and ductility. Moreover, the CFST
joints can enhance the performance of stability for the arch ribs.

However, the chord-brace intersection with full penetration butt welds in CFST
joints can be the weak part in the whole structure since the axial stiffness of brace is much
larger than the radial stiffness of chord tube, which leads to high stress concentration
around the chord-brace intersection. The initial imperfection of weld bead around the
chord-brace intersection can be another reason for the fatigue damage in CFST joints
under the cyclic fatigue loading. In fact, the fatigue cracks seriously damaging the
structural safety were found in the chord-brace intersection of a half-through CFST
trussed arch bridge (see Fig. 1.1) in 2013, China, which was built in 1998 [5]. One
example of the fatigue cracks is shown in Fig. 1.2.

In recent years, the fatigue problem of welded tubular joints in CFST structures has
been highlighted and attracted extensive attentions in China [6]. However, very limited
researches have been conducted on the fatigue problem of CFST joints. In addition, the
Chinese code (JTG/T D65-06-2015) only gives the allowable value of nominal stress
amplitude for the fatigue checking calculation of CFST joints [7]. Many research issues
to be conducted still remain in the fatigue problem of CFST joints, especially the stress
concentration factors (SCFs) formulae by hot spot stress (HSS) method. There has not
been many studies on the SCFs formulae of CFST joints to date and the appropriate SCFs
formulae for them are rarely found in literatures and design codes.



Fig. 1.1 CFST trussed arch bridge Fig. 1.2 Fatigue crack

1.2 Literature Review

So far, many studies to evaluate the fatigue life of various types of circular hollow
section (CHS) or rectangular hollow section (RHS) joints have been carried out by many
researchers, such as Kuang et al. [8], Efthymiou and Durkin [9], Hellier et al. [10],
Smedley and Fisher [11], Mashiri et al. [12] and Zhao et al. [13]. The evaluation methods
of fatigue performance have been extensively adopted in many current national and
international design codes, such as in CIDECT [14], ITW [15], API [16], AWS [17], ABS
[18], DNV [19], SAA [20] and JSSC [21].

1.2.1 Evaluation methods of fatigue life

At present, the four frequently used evaluation methods of fatigue life in welded
tubular joints includes that nominal stress method, HSS method, notch stress method and
fracture mechanics method [22]. The nominal stress method is the most widely used since
its used simplicity, but it is over-conservative. The HSS method is the most recommended
method. The notch stress method and fracture mechanics method have not been adopted
in the current design codes since the complex usability and great research difficulty.

The stress distribution over the plate thickness is non-linear in the vicinity of notches
in welded steel joints, as shown in Fig. 1.3 [15]. The stress components of the notch stress
o are [23]: membrane stress Gmem, shell bending stress Gven and non-linear stress peak
onlp. The membrane stress omem 1S €qual to the average stress calculated through the
thickness of the plate, it is constant through the thickness. The shell bending stress Gven 1S
linearly distributed through the thickness of the plate. The non-linear stress peak oup is

the remaining component of the stress.
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Fig. 1.3 Non-linear stress distribution separated to stress components

1.2.1.1 Nominal stress method

The nominal stress (on) [24] can be calculated using the simple beam theory and the
superposition principle without consideration of the localized weld effect and geometric
discontinuity. It can be calculated with the plane cross-section assumption under the
external loads (the axial force and bending moment) by using elementary theories of
structural mechanics based on linear-elastic behavior, a simple equation is shown in Eq.
(1.1). The nominal stress amplitude (Aon) is used for the evaluation criteria of fatigue life
in welded tubular joints. Then fatigue life can be evaluated by using the fatigue resistance
S-N curves of classified structural details (S is the allowable value of nominal stress
amplitude, N is the number of fatigue loading circles). S-N curves were obtained based
on large numbers of fatigue experiments, the typical S-N curves for tubular joints in

current design codes were experimentally proposed in the early 1970s [25, 26].

o, = % + % (1.2
Where, P is the applied axial force, A4 is the area of cross-section, M is the applied bending
moment, W is the section modulus of cross-section.

The nominal stress method still has the following shortcomings [22].

(1) Fatigue strength determined with S-N curves on the basis of nominal stress is
over-conservative. It adopts the most conservative S-N curve to evaluate the fatigue
strength for the same type of tubular joints, regardless of the difference of geometric
parameters. The influence of geometric parameters is neglected, which significantly
underestimates the fatigue strength for some tubular joints.

(2) Value position of the nominal stress is unspecified. Van Wingerde [27] indicated
that the value position of the nominal stress can be from 25 to 2.5b (b is width of chord
or brace) away from tube end and chord-brace intersection in RHS joints. However, the

corresponding provision is not given in current specifications. If the value position



selection is not proper, the evaluation of fatigue life will have large difference.
1.2.1.2 HSS method [14, 15]

The HSS (on) (also called geometric stress) method relates the fatigue life of a joint
to the so-called HSS at the joint rather than the nominal stress. It takes the uneven stress
distribution around the perimeter of the joint into account directly. The HSS range
includes the influences of the geometry and type of load but excludes the effects related
to fabrication such as the configuration of the weld (flat, convex, concave) and the local
condition of the weld toe (radius of weld toe, undercut, etc.). The HSS includes all stress
raising effects of a structural (or geometric) detail excluding all stress concentrations due
to the local weld profile itself. Therefore, as shown in Fig. 1.3, the membrane stress omem
and the shell bending stress onen are included in the HSS, but the non-linear stress peak
onip caused by the local notch, i.e. the weld toe, is excluded from the HSS.

The stress concentration factors (SCFs) for HSS can be defined as the ratio between
the HSS at the joint and the nominal stress in the member due to a basic member load
which caused this HSS. It has to be determined at the weld toe position from the stress
field outside the region influenced by the local weld toe geometry.

The typical stress distribution along the direction perpendicular to the weld toe is
shown in Fig. 1.4. The HSS can be determined using reference points and extrapolation
method to the weld toe at the hot spot in consideration. The HSS has to be determined at
the weld toe position from the stress field outside the region influenced by the local weld
toe geometry. The location from which the stresses have to be extrapolated, the so-called
“extrapolation region”, depends on the dimensions of the joint and on the position around
the intersection. The extrapolation methods for HSS calculation in tubular joints consists
of linear extrapolation and quadratic extrapolation, CHS joints and RHS joints generally
use linear extrapolation and quadratic extrapolation based on a lot of existing test research,
respectively [22]. For joints in CHS, the linear extrapolation method can be used since
the gradient is nearly linear [28]. For joints in RHS, the quadratic extrapolation method

is required because of the strong non-linear strain distribution observed [27].
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Fig. 1.4 Definition of HSS

The boundaries of extrapolation region for CHS and RHS joints defined in CIDECT
Design Guide [14] are listed in Table 1.1. The recommendations for extrapolation in [TW
[15] are summarized as follows.

(1) The stresses on two reference points 0.47 (¢) and 1.0 T (¢) are used in the linear

extrapolation.

o, =1.670,, —0.670, , (1.2)

(2) The stresses on three reference points 0.47 (¢), 0.97 (¢) and 1.4 T (¢) are used in
the quadratic extrapolation under the cases of pronounced non-linear structural stress

increase to the hot spot.

o, =2520,,-2.240,,+0.720,, (1.3)

The recommendations for extrapolation from Fricke [29] are summarized as follows.
(1) The stresses on two reference points 0.57 (¢) and 1.5 T (¢) are used in the linear

extrapolation.

o, =1.50,,-0.50, (1.4)

(2) The stresses on three reference points 0.57 (¢), 1.57 (¢) and 2.5 T (¢) are used in
the quadratic extrapolation under the cases of pronounced non-linear structural stress

increase to the hot spot.

o, =1.8750,, —1.250,  +0.3750, (1.5)



Table 1.1 Boundaries of extrapolation region

Chord Brace
Distance from weld toe
Saddle Crown Saddle / Crown

Lr,min 0.4T, but > 4 mm 0.4t, but >4 mm
CHS joints 0.045D  0.4%4/0.25DTdt 0.65+/0.5dt

Lr,max

but > Lr,min + 0.6t

Lr,min 0.4T, but > 4 mm 0.4t, but >4 mm
RHS joints

Lr,max Lr,min+ T Lr,min +t

Remark: D is the diameter of chord, 7 'is the thickness of chord, d is the diameter of brace,
t 1s the thickness of brace.

The experimental method and Finite element (FE) analysis have been carried out to
determine the HSS for tubular joints. Different views exist with regard to which stress
component should be used to determine the SCF: the principal stress or a stress
perpendicular to the weld toe [14]. The principal stress is used in [IW [15], Den [30] and
EC3 [31], whereas the stress perpendicular to the weld toe is used in AWS [17] and API
[16]. The differences between the two stresses become less significant near the weld toe
[32, 33]. Strain perpendicular to the weld toe can be measured by simple strain gauges
instead of strain gauge rosettes which are required to determine the principal strains. The
use of stresses (strains) perpendicular to the weld toe is recommended.

The HSS method has the advantage compared with the nominal stress method [22,
34]: The HSS method can express the influences of geometric parameters on the fatigue
life of tubular joints. It has different HSS range with different parametric combination
under the same nominal stress range. Therefore, the HSS method has become the
international mainstream method since the above advantage so as to be adopted by
CIDECT, IIW, EC3, AWS, AP], etc.
1.2.1.3 Notch stress method

Effective notch stress (oin) (see Fig. 1.3) is the total stress at the root of a notch,
obtained assuming linear elastic material behavior. To take account of the statistical

nature and scatter of weld shape parameters, as well as of the non-linear material behavior
at the notch root, the real weld contour is replaced by an effective one. For structural



steels and aluminium an effective notch root radius of r = 1 mm has been verified to give
consistent results. For fatigue assessment, the effective notch stress is compared with a
common fatigue resistance curve [15].

The fatigue assessment using notch stress method is similar to that under the nominal
stress method or the HSS method, the notch stress range at weld toe is determined and
then the fatigue life is evaluated by using the corresponding S-N curves in terms to the
notch stress concept [35, 36, 37, 38]. The effective notch stress at weld toe is generally
obtained by FE analysis. The HSS can be determined by the extrapolation method, but
the notch stress can be directly obatained at weld toe since the influence of welding shape
needs to be included [22]. Therefore, the notch stress is larger than HSS, i.e. the SCF in
terms to notch stress is larger than that in terms to HSS. Van Wingerde [27] presented that
the SCF in terms to notch stress under different welding type can be calculated by
multiplying by the increasing coefficient on the basis of the SCF in terms to HSS.

The notch stress is difficult to calculted with sufficient accuracy since the complexity
of welding structures. The influences of the welding shape including the length, angle,
radian of weld leg are difficult to obtain uniformly. Therefore, the uniform method to
determine the notch stress still needs to be further improved [22].
1.2.1.4 Fracture mechanics method

Fracture mechanics principles are applicable only to fatigue if a crack or a crack-like
flaw is present [39]. Fracture mechanics analysis and crack propagation simulations are
conducted to evaluate the fatigue crack growth life of welded joints [40, 41, 42].

In order to assess the fatigue life based on the fracture mechanics, Paris [43]
introduced the relationship between rate of crack propagation (da/dN) and range of stress

intensity factor (AK), based on applied cyclic stress range. The Paris power law has the

simple form:
da
— =CAK" )
N (1.6)
_ju_Ga 1.7
“ C(AK)" (L.7)

Where, C and n are material constants which are found experimentally by measuring the
rate of growth of a crack under known loading in a simple test specimen. N is the cyclic
number of fatigue life. a; is the initial crack length. as is the critical crack length.

Fig. 1.5 is a schematic representation of the fatigue crack propagation. Zone 1 is



threshold value of AK approached stage, Zone Il is the fatigue crack propagation, Zone

I11 is the conditions for final fracture approached.

da/dN
(log scale)

4K (log scole)
AKyy, (constant cycle)

Fig. 1.5 Fracture mechanics representation

1.2.2 SCFs at typical tubular joints

The HSS method requires an accurate prediction of SCFs. Toprac and Beale [44]
presented the earliest set of parametric equations to determine SCF in simple tubular
joints using a limited steel joints database. During the past 50 years, several parametric
equations have been proposed by many researchers for determining the HSS.
1.2.2.1 Hollow section tubular joints [22, 45]

A brief summarization of the commonly used SCF parametric equation for hollow
tubular joints is illustrated in Table 1.2, which is provided with an emphasis on the

definition of HSS and their range of applicability.

Table 1.2 SCFs parametric equations for hollow section tubular joints

Cross-

Ref. No. Joint types Derived from Time
section

[8, 46] T/Y, Kand KT CHS FEA 1975, 1977




Continued to Table 1.2

[47, 48] T/Y, K, X and KT CHS Test 1978, 1981
[9, 14] T/Y, Kand X CHS FEA 1985, 1988
TIY, K, X, TT, XX and
[28] CHS FEA 1994
KK

[49] Space joints CHS, RHS FEA 1996
[50, 51] K and Space joints CHS FEA 1997, 2000

[10, 52] TIY CHS FEA 1990
[53, 54] T/Y and X CHS FEA 1996, 1999
[55, 56] Kand KT CHS FEA and Test 1997, 1998

[57, 58] | T/Y,X, Kand KK | CHS,RHS | FEAand Test | 1996, 2001

[59] XX CHS FEA 2000
[60] Kand N CHS FEA and Test 2003
[61] K CHS FEA and Test 2009
[27] T/Y and X RHS FEA and Test 1992
[62] K RHS FEA and Test 1996

On the basis of the traditional hollow section tubular joints some researchers
presented various new-type joints, including CHS-RHS joints, square bird-beak joints
and diamond bird-beak joints. The schematic diagrams of new-type joints are shown in

Fig. 1.6. The summary of SCF researches on new-type joints is illustrated in Table 1.3.
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(a) CHS-RHS joint (b) Square bird-beak joint

(c) Diamond bird-beak joint

Fig. 1.6 Structures of new-type joints
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Table 1.3 Summary of SCF researches on new-type joints

Ref.
Joint types Loading condition Analysis method Time
No.
[63] Axial force in brace 1998
Out-of-plane bending in
[64] 2003
brace
Test
CHS-RHS Axial force in brace,
[65] 2003
T-joints In-plane bending in brace
[66] In-plane bending in brace 2004

Axial force in brace,
[67] Test and FEA 2012
In-plane bending in brace

CHS-RHS
[68] Axial force in brace FEA 2018
Y-joints
[69] Test
— 1  Square Axial force in brace
[70] FEA
—  bird-beak 2015
Out-of-plane bending in
[71] T-joints Test
brace
[72,
] Axial force in brace Test 2014, 2016
73
Diamond
Axial force in brace,
bird-beak

In-plane bending in brace,
[74] T-joints FEA 2015
Axial force in chord,

In-plane bending in chord

1.2.2.2 CFST joints [22]
Very limited studies have been conducted on the SCF formulae of CFST joints.
Tong et al. [75] experimentally investigated the SCFs of CFST K-joints, and revealed that

they have more uniform distribution and obviously smaller values than CHS K-joints.
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Mashiri [76] found that the SCFs of CFST T-joint are generally lower than those of CHS
T-joint under in-plane bending in the brace. By means of static test for CFST T-joints,
Wang [77, 78], Chen [79, 80] and Xu [81] determined the SCFs and compared them
with those estimated by some existing formulae for CHS T-joints. Udomworarat et al. [82,
83] revealed that CFST K-joints have more smaller SCFs than that in CHS K-joints by
using the experimental and FE methods. Huang et al. [84] also experimentally found that
CFST K-joints have significantly more uniform and with lower peak strain than those in
CHS K-joints with the same geometry by comparison of their principle strain distributions
around the chord-brace intersections. The filled-concrete contributing to reduce the SCFs
for tubular joints was supported by some other researches on the comparison of SCFs
between CFST joints and CHS joint joints with various types of tubular joints, such as in
[85, 86]. The summary of SCF researches on CFST joints is illustrated in Table 1.4. The
summary of SCF researches on CFST joints stiffened with PBL is illustrated in Table 1.5.

Table 1.4 Summary of SCF researches on CFST joints

. . . Analysis i
Ref. No. Joint types Loading condition method Time
[77-81, 2008 -
Axial force in brace Test
87] 2015
Axial force in brace,
[88, 89] FEA 2014, 2015
In-plane bending in brace
Circular T
Axial force in brace,
[90] In-plane bending in brace, Test 1993
Out-of-plane bending in brace
[91] Axial tension in brace FEA 2018
[6, 92] Circular Y Axial force in brace Test, FEA | 2012, 2013
[85] Circular N Axial force in brace FEA 2014
[75, 82, 2000 -
Circular K Axial force in brace Test
83] 2008
[76] Rectangular T In-plane bending in brace Test 2010

13



Continued to Table 1.4

[86] Axial force in brace Test, FEA 2017

Axial force in brace,

Rectangular X Axial force in chord,
[64] FEA 2003
In-plane bending in brace,

In-plane bending in chord

Table 1.5 Summary of SCF researches on CFST joints stiffened with PBL

Analysis
Ref. No. | Joint types Loading condition Time
method
[83] Circular K Axial force in brace Test, FEA 2002
Axial force in brace,
Rectangular
[93] In-plane bending in brace, FEA 2014
T
Out-of-plane bending in brace
[86] Test
— | Rectangular
Axial force in brace 2017
[94, 95] X FEA

1.3 Objectives and Layout of the Dissertation

The main objective of the research carried out in this dissertation is mainly aiming
to formulate the parametric formulae for determining the SCFs of CFST T- and K-joints
under various loading conditions. The dissertation is composed of six chapters as
described below.

In Chapter 1, it gives the background and objectives of the research together with an
overview of the major previous research works conducted in the related research filed.
Then the layout of the dissertation is given.

In Chapter 2, a large amount of data about 119 CFST trussed arch bridges in China
were collected by literature review and website investigation, first. The geometric
parameters statistics on CFST K-joints were analyzed in terms of diameter ratio (f),

14



diameter to thickness of chord (2y), thickness ratio (z), the eccentric ratio (p) and the angle
(6) between the axis of the chord and brace. The practical ranges of each key geometric
parameter were provided for the numerical parameter analysis.

In Chapter 3, the published experiments relating to the studies on SCFs of CFST T-
joints under axial force in the brace and in-plane bending in the brace, and the strain
distribution along chord-brace intersection of CFST K-joints were outlined first. Then FE
models to replicate the SCFs of CFST T-joints and the strain distribution along the
intersection of CFST K-joints were developed. By comparing the experimental results
with that calculated by FE analysis, the accuracy of the FE modeling to determine SCFs
for CFST T- and K-joints was confirmed. The FE modeling can be provided for
parametric analysis.

In Chapter 4, it focuses on the SCFs of CFST T-joints under various loading
conditions. The loading conditions include that axial force in the brace, in-plane bending
in the brace, out-of-plane bending in the brace and the force in the chord. Extensive
parametric analyses considering the influences of diameter ratio (5), diameter to thickness
of chord (2y), thickness ratio (z) and relative chord length (a). Then, based on the
parametric analysis results, a series of SCF formulae of CFST T-joints subjected to
various loading conditions were proposed as functions of key non-dimensional geometric
parameters. Finally, the accuracy of the formulae was verified by comparing the SCFs
obtained by the formulae and FE analysis.

In Chapter 5, the local FE models were employed to preliminary reveal the
influences of key geometric parameters on SCFs of CFST K-joints under the axial forces
caused by the loading of a fatigue vehicle. The loading conditions include that basic
balanced axial forces, axial compression in the chord and in-plane bending in the chord
for the parametric analysis. Extensive parametric analyses considering the influences of
diameter ratio (5), diameter to thickness of chord (2y), thickness ratio (z) and the angle ()
between the axis of the chord and brace. Then, based on the parametric analysis results,
a series of SCF formulae of CFST K-joints subjected to various loading conditions were
proposed as functions of four key geometric parameters. Finally, the accuracy of the

formulae was verified by comparing with the FE results.

In Chapter 6, the main conclusions of each chapter are summarized. The points that
need to be conducted in the further work are also pointed out.

Layout of this dissertation is shown in Fig. 1.7.
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Fig. 1.7 Layout of the dissertation
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CHAPTER 2

Geometric Parameters Statistics of CFST K-joints in

China
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2.1 Introduction

Concrete-filled steel tubular (CFST) arch bridges have been designed and
constructed for about 35 years in China since the first CFST arch bridge, Wangcang East
River Bridge, was completed in 1990. Many CFST arch bridges have been constructed
with various structure types by using a variety of construction methods. However, the
quick construction of CFST arch bridges in China is still worth knowing of fatigue
problem in the CFST joints of trussed bridges for engineers.

Fatigue life of tubular joints is commonly related to the stress concentration factors
(SCFs) at the weld toes of the chord-brace intersection. So far, many existing studies
mentioned in Chapter 1 for SCFs of circular hollow section (CHS) joints present that the
SCFs are related to the influences of geometric parameters. Therefore, this chapter
revealed the practical ranges of each key geometric parameter so as to provide the
research foundation.

In this chapter, a large amount of data about 119 CFST trussed arch bridges in China
were collected by literature review [96] and website investigation. The structural types of
studied bridges and structural types of CFST K-joints are analyzed firstly. The geometric
parameters statistics on CFST K-joints were analyzed in terms of diameter ratio (f),
diameter to thickness of chord (2y), thickness ratio (z), the eccentric ratio (p) and the angle
() between the axis of the chord and brace. They were analyzed to demonstrate their
ranges, the practical ranges of each key geometric parameter were also provided for the
numerical parameter analysis.

2.2 Outline of bridges

Among 119 CFST trussed arch bridges, there are 16 deck bridges, 48 half-through
bridges, 27 fly-bird bridges, 13 rigid-frame through tied bridges and 15 through arch-beam
bridges. The cross-section of CFST trussed arch ribs is categorized into four-limbs,
transverse dumbbell, two-limbs, three-limbs and six-limbs, as shown in Fig. 2.1. Their
distributions are illustrated in Fig. 2.2. Four-limbs and transverse dumbbell are mainly used
in CFST trussed arch bridges, which account for 83.2% of the total bridges.

18



/
(c) Two-limbs (d) Three limbs (e) Six-limbs

Fig. 2.1 Cross-sections of arch ribs

Transverse dumbbell
33.6%

Two-limbs
8.4%
Three-limbs
6.7%
Six-limbs

Four-limbs 1.7%
49.6%

Fig. 2.2 Cross-section distributions

2.3 Structural types of CFST K-joints

The structural type of CFST joint in the bridges mainly adopted K-joints. The
connection between the brace and concrete-filled chord tube are almost full penetration
weld, as shown in Fig. 2.3(a), which accounts for 95.8% of the total. The other two types
are gusset plate bolted K-joint and full penetration welded K-joint with inner headed studs,
as shown in Fig. 2.3(b) and (c), respectively.

Since most joints are full penetration welded K-joints, the information of this joint
type was used for the following analysis to demonstrate the range of each geometric
parameter. Unless particularly stated in this dissertation, the studied joints are full
penetration welded CFST joints.
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Brace Brace

Brace Brace

Gusset plate

( 60

Chord tube Chord tube

(a) Full penetration welded K-joint (b) Gusset plate bolted K-joint
Brace Brace

- Headed stud 5

Chord tube

(c) Full penetration welded K-joint with inner headed studs

Fig. 2.3 Structural types of CFST K-joints

2.4 Geometric parameters statistics

The stress concentration factors (SCFs) of uniplanar circular hollow section (CHS)
K-joints with no eccentricity and equal braces were formulated by using the diameter
ratio S (= d/D), diameter to thickness ratio of chord 2y (= D/T), thickness ratio z (= t/T)
and the angle 9 between the axis of the chord and brace [14]. Moreover, the eccentricity
ratio p (= e/D) may also affect the SCFs of tubular joints. p > 0 represents the cross-point
of adjacent braces located under the axis of chord, p = 0 represents the cross-point of
adjacent braces located at the axis of chord, p < 0 represents the cross-point of adjacent
braces located above the axis of chord. The geometric parameters are shown in Fig. 2.4.
Therefore, the statistical demonstration of practical ranges for geometric parameters in
CFST K-joints was conducted based on the above-mentioned five non-dimensional
parameters.

20



Concrete F

Fig. 2.4 Geometric parameters of CFST K-joints

Distributions of p-value, y-value and r-value are illustrated in Figs. 2.5-2.7,
respectively. The serial number is numbered based on the above-mentioned five bridge
structural types (deck type, half-through type, fly-bird type, rigid-frame through tied type
and through arch-beam type) and their span length in sequence. They show that the S-
value is mainly varied from 0.30 to 0.60, and the maximum and minimum p-values are
0.72 and 0.12, respectively. Moreover,  =[0.3, 0.6] accounts for about 94%. The y-value
is mainly varied from 20 to 40, and the maximum and minimum y-values are 42.50 and
17.14, respectively. The maximum and minimum z-values are 1.00 and 0.40, respectively.

1.0
0 _J- Deck type = Half-through type = Fly-bird type
0.8 1 Rigid-frame type Through arch-beam type
e Maximum value = 0.72

T I T
0.6{ - " -
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Fig. 2.5 Distribution of p-value
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Fig. 2.6 Distribution of y-value
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Fig. 2.7 Distribution of z-value

For the range of - and p-values, they would be determined by relevant standard
because they are not provided in the literatures. The #-value and the angle between two
axes of adjacent braces should be not less than 30° to prevent serious welding difficulties
at crown heel location [97]. The maximum 6-value in the parametric formulas for CHS
K-joint is 60° [14], thus the range of #-value would be [30°, 60°]. In addition, the p-value
would be [-0.55, +0.25] referring to the corresponding value of CHS K-joint, which
should satisfy that g > 2t [14].
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2.5 Summary

The geometric parameters statistics of CFST K-joints were collected and analyzed
using literature review and website investigation. The main conclusions of this work can
be summarized as follows.

(1) CFST K-joints were adopted in CFST trussed arch bridges. The arch ribs can be
categorized into four-limbs, transverse dumbbell, two-limbs, three-limbs and six-limbs.
Four-limbs and transverse dumbbell are mainly used in CFST trussed arch bridges, which
account for 83.2% of the total bridges.

(2) The structural types of CFST K-joints include that full penetration welded CFST
K-joint, gusset plate bolted CFST K-joint and full penetration welded CFST K-joint with
inner headed studs. Full penetration welded CFST K-joint accounts for 95.8% of the total
bridges, which was regarded as the object of statistics.

(3) The practical ranges of -, 2y-, 7-, 6- and p-values are [0.3, 0.6], [40, 80], [0.4, 1.0],
[30°, 60°] and [-0.55, +0.25], respectively.

23



24



CHAPTER 3

Validation of Numerical Replication for the Experimental

Studies on SCFs of CFST T- and K-joints
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3.1 Introduction

With the construction development of circular hollow section (CHS) structures,
extensive works relating to fatigue research of CHS joints, experimental methods and
numerical analysis have been conducted to determine the stress concentration factors
(SCFs) for various types of CHS joints. However, very limited numerical determinations
of SCFs for concrete-filled steel tubular (CFST) joints have been conducted. The SCFs
of CFST joints can be influenced by many geometric parameters. The multiplicity of
geometric parameters needs large amount finite element (FE) models to formulate a series
of simple and widely applicable formulae for the determination of SCFs in CFST joints.
Therefore, the FE modeling for CFST joints needs to be validated by comparison with
the experiments first.

In this chapter, the replication of FE models to evaluate the SCFs of CFST T-joint
and the principle strain distribution around the chord-brace intersection were developed
first. After validating them by the comparison with existing experimental results, they
would be provided for parametric analysis.

3.2 Validation of FE modeling for CFST T-joints

3.2.1 Summary of experimental studies on SCFs of CFST T-joints

Fig. 3.1 shows a schematic diagram of a CFST T-joint, the joint is made up of a
hollow brace and a concrete-filled chord. T is the thickness of chord, D is the diameter of
chord, t is the thickness of brace, d is the diameter of brace, L is the length of chord, | is
the length of brace.

Brace

~ Concrete Crown
AR &5Tdle —Weld bead
O Frr e
7& Chord @
‘ L |

Fig. 3.1 Geometric parameters of CFST T-joints
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The experiments to determine SCFs for CFST T-joints with different geometric
parameters were carried out and published in [77, 78, 79, 80, 81]. The axial tension or
compression were applied to the brace end. The published specimens subjected to the in-
plane bending in the brace were also carried out. The in-plane bending around the chord-
brace intersection was caused by the applied in-plane horizontal force in the brace end.
The loading methods are shown in Fig. 3.2. One end of chord was fixed, and another end
was pin-rolled in [79, 80]. Both ends of chord were fixed in [81], and pin-rolled in [77,
78].

The specimens were designed as shown in Table 3.1 to evaluate the influence of
different dimensionless geometric parameters, i.e. diameter ratio g (= d/D), diameter to
thickness ratio of chord 2y (= D/T) and thickness ratio z (= t/T). The axial compressive or
tensile force was applied to the hollow brace, which was fully welded at a right angle to
the continuous concrete-filled chord. The static tests within elastic range were performed
to obtain the HSS and the SCFs at weld toe of the specimens were determined.

$Tension

; Compression

Horizontal force . - p
Reaction wall | Brace

7 .

Chord Pin-rolled

Intersection

(@) Loading method in [79, 80]

TTension
T
Reaction wall 1| Brace
17 b Intersectioni Chord |7 |
N T /
Fixed Concrete Fixed

(b) Loading method in [77, 78]

27



Horizontal force .
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Tension
)

Compression

Brace
Chord Pin-rolled

|

(c) Loading method in [81]

Fig. 3.2 Loading methods in literatures

Table 3.1 Details of test specimens of CFST T-joints

Ref. Specimen D T d t B 2y T
No. (mm) (mm) (mm) | (mm)
CS-203-133AX | 203 | 845 | 133 | 6.80 | 066 | 2402 | 0.80
e O e 20e1s0Ax | 208 | 84z | 150 | o8l | 078 | 2411 | o081
T-300-4 200.84 | 419 | 13278 | 6.08 | 0443 | 75 | 15
81] T-300-4R | 300.11 | 418 | 13325 | 6.08 | 0443 | 75 | 15
T-300-5 30046 | 501 | 132.66 | 6.08 | 0.443 | 60 | 1.2
CFCHS-1 245 8 133 | 8 | 054 | 3062 | 1.00
CFCHS-2 180 6 133 | 6 | 074 | 3000 | 1.00
CFCHS-3 133 | 45 | 133 | 45 | 100 | 29.56 | 1.00
CFCHS-4 245 8 133 | 6 | 054 | 3062 | 075
CFCHS-5 245 8 133 | 45 | 054 | 3062 | 056
77781 | crcHs-6 245 8 133 8 | 054 | 30.62 | 1.00
CFCHS-7 245 8 133 | 8 | 054 | 3062 | 1.00
CFCHS-8 203 8 140 | 8 | 069 | 2538 | 1.00
CFCHS-9 203 10 140 | 10 | 069 | 2030 | 1.00
CFCHS-10 203 12 140 | 12 | 069 | 1692 | 1.00
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3.2.2 FE models

The general purpose FE analysis software MSC.Marc was applied for the numerical
investigation on SCF distribution of CFST T-joint under axial force in the brace. Since
the measured HSS was much lower than yield stress in the experiment, linear elastic
analysis in terms of material properties was conducted. The values of Young’s modulus

and Poisson’s ratio were set to those shown in the article, as summarized in Table 3.2.

Table 3.2 Details of test specimens of CFST T-joints

Steel tube and weld bead Concrete
Ref. No. | Young’s modulus Young’s modulus Poisson’s
Poisson’s ratio
(MPa) (MPa) ratio
[79, 80, 81] 200,000 0.3 37,420 0.2
[77, 78] 205,000 0.3 34,500 0.2

If the steel tube was modeled by shell element, it becomes difficult to model the
weld bead and make good contact behavior between steel tube and concrete. Therefore,
the linear full-integration eight-node hexahedron solid element was used for whole model,
i.e. steel tube, concrete and weld bead. The leg sizes of weld bead at the brace and chord
were set to t and 0.5t (t: the wall thickness of brace), respectively, according to AWS code
[17].

Since the mesh size needs to be small enough to get the accurate HSS, fine mesh
should be used around the intersection. The mesh dimensions of 0.5T to 0.5t around
focused areas were suggested for solid element [98]. The influence of mesh size around
the chord-brace intersection on the SCFs is examined in 3.2.4.

The behavior of the interface between chord tube and concrete can be simulated by
“Glue” or “Touch” function. “Glue” function assumes that contact bodies tie together
without any relative displacements. “Touch” function allows contact bodies to touch and
separate each other in normal direction, and slide with the friction behavior in tangential
direction. The function to be used is determined in 3.2.5. The whole FE model and local
mesh around the intersection are shown in Fig. 3.3.
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(b) Local mesh around the intersection

Fig. 3.3 FE model and local mesh of CFST T-joint

3.2.3 Hot spot stress (HSS) calculation

The HSS around the chord-brace intersection was obtained numerically by linear
extrapolation. The positions of two nodes for HSS calculation is shown in Fig. 3.4 and
Table 3.3 [14]. The positions are arbitrarily determined in this region since the stress
distribution is almost linear. In this study, the positions of 1st and 2nd nodes are
approximately 0.4T (but > 4 mm) and 1.0T away from the weld toe, respectively. The
SCF is generally defined as the ratio of the HSS at the joint to the nominal stress in the
member due to the basic member load causing this HSS [14].

The nominal stress of the brace subjected to the axial force F was determined using
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a simple formula (on = F/A), where A is the cross-sectional area of the brace [77, 78],
which was used for SCF calculation in this study. The nominal stresses under bending
moment in the brace (Mp), axial compression in the chord (F¢) and bending moment in
the chord (Mc) were determined as Mo/Wh, Fc/Ac and Mc/W, respectively [77, 78]. M is
the applied bending moment in the brace, obtained as the product of the applied in-plane
horizontal load Fy at the brace end and the distance from the loading point to the chord-
brace intersection. Wy is the section modulus of the brace. Ac and W are the area and
section modulus of the equivalent steel tube section of the concrete-filled chord,
respectively.
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Fig. 3.4 Definition of extrapolation region

Table 3.3 Boundaries of extrapolation region

Chord Brace
Distance from weld toe
Saddle Crown Saddle / Crown
Lr,min 0.4T 0.4t
Lr,max ™ 0.045D | 0.44/0.25DTdt 0.65+/0.5dt

*) Minimum value for Lr,min is 4mm, ™ Minimum value for Lr,max is Lr,min + 0.6t.

3.2.4 Mesh size around chord-brace intersection

In order to determine the mesh size around the intersection, its influence on SCFs
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was examined. The three mesh conditions listed in Table 3.4